The active Lassen hydrothermal system includes a central vapor-dominated zone or zones beneath the Lassen highlands underlain by ~240 °C high-chloride waters that discharge at lower elevations. It is the best-exposed and largest hydrothermal system in the Cascade Range, discharging 41 ± 10 kg/s of steam (~115 MW) and 23 ± 2 kg/s of high-chloride waters (~27 MW). The Lassen system accounts for a full 1/3 of the total high-temperature hydrothermal heat discharge in the U.S. Cascades (140/400 MW). Hydrothermal heat discharge of ~140 MW can be supported by crystallization and cooling of silicic magma at a rate of ~2400 km 3 /Ma, and the ongoing rates of heat and magmatic CO 2 discharge are broadly consistent with a petrologic model for basalt-driven magmatic evolution. The clustering of observed seismicity at ~4-5 km depth may define zones of thermal cracking where the hydrothermal system mines heat from near-plastic rock. If so, the combined areal extent of the primary heat-transfer zones is ~5 km 2 , the average conductive heat flux over that area is >25 W/m 2 , and the conductive-boundary length <50 m. Observational records of hydrothermal discharge are likely too short to document long-term transients, whether they are intrinsic to the system or owe to various geologic events such as the eruption of Lassen Peak at 27 ka, deglaciation beginning ~18 ka, the eruptions of Chaos Crags at 1.1 ka, or the minor 1914-1917 eruption at the summit of Lassen Peak. However, there is a rich record of intermittent hydrothermal measurement over the past several decades and more-frequent measurement 2009-present. These data reveal sensitivity to climate and weather conditions, seasonal variability that owes to interaction with the shallow hydrologic system, and a transient 1.5-to twofold increase in high-chloride discharge in response to an earthquake swarm in mid-November 2014.
IntroDuCtIon
The Lassen volcanic center, the youngest of five long-lived <3.5 Ma intermediate to silicic volcanic centers in the Lassen area, began forming with dacitic eruptions ~0.8 Ma, followed by construction of the ancestral Brokeoff Volcano (Fig. 1) beginning ~0.6 Ma (Clynne and Muffler 2010) . Peripheral andesitic lavas and the Lassen domefield, including Lassen Peak, comprise the current (<0.3 Ma) stage of the Lassen volcanic center, which hosts the largest and best-exposed hydrothermal system in the Cascade Range. The active hydrothermal system at Lassen includes a central vapor-dominated zone or zones beneath the Lassen highlands, underlain by high-chloride waters that discharge at lower elevations ( Figs. 1 and 2) .
In this contribution, we draw on a wide range of published information and new data to summarize the current state of knowledge of the Lassen hydrothermal system. We focus on rates of heat and mass discharge, the magma-hydrothermal interface, patterns of hydrothermal circulation, and dynamic (transient) behavior. We conclude with some discussion of how the transient behavior of the hydrothermal system might usefully be monitored in the context of a comprehensive volcano-hazards program.
Like other high-temperature systems in mountainous terrain, the Lassen hydrothermal system involves large-scale phase separation that owes to the density difference between steam and liquid water (Fig. 2) . Analogous systems include the Valles Caldera, New Mexico; La Primavera, Mexico; Asal, Djibouti; Yunatoni and Sumikawa, Japan; and several systems in The Philippines, including Tongonan, Palinpinon/Baslay Dauin, Amacan, Mount Apo, and Malindang (Ingebritsen and Sorey 1988) . This is not a complete list of potential analogs, because in some areas a relationship between steam-heated features and high-chloride discharge at lower elevations is difficult to demonstrate. If the phase separation and lateral flow is relatively deep, mixing and dilution by meteoric water may complicate identification of originally high-chloride waters at discharge points. The physics of phase separation ( Fig. 2) explains, in large measure, the nature and general distribution of thermal-discharge features at Lassen (Fig. 1, Table 1 ). Hot springs fed by steam are low in chloride (Cl -), have high gas:steam ratios, commonly have sulfate (SO 4 2-) as the major anion, and are generally acidic. In contrast, hot springs fed by the residual liquid phase are relatively high in chloride, gas depleted, and have a near-neutral pH. The difference in chemistry between the steam-fed acid-sulfate springs and the liquid-fed high-chloride springs is attributable to the relative volatility of common constituents of thermal waters (e.g., White et al. 1971) . Chloride and most other major ions have low volatility in low-pressure steam, whereas CO 2 , H 2 S, and other volatile constituents fractionate strongly into the vapor phase. Evans et al. (2002) and Crystal Lake Spring (CLS), Rising River Spring (RRS), and Big Spring (BS). Numbers in parentheses are measured rates (kg/s) ca. 1990-2014 of steam upflow at steam-heated areas, Growler-equivalent thermal-water outflow at high-chloride springs, and magmatic CO 2 discharge at CO 2 -charged springs (Sorey and Ingebritsen 1995; Rose and Davisson 1996; Evans et al. 2002; Ingebritsen et al. 2014a ). Dotted circle is the outline of the ancestral (0.6-0.4 Ma) Brokeoff Volcano (Clynne and Muffler 2010) and dashed rectangle is area of the seismic map shown as Figure 4a .
The observed variability in pH, SO 4 2-, and bicarbonate (HCO 3 -) in acid-sulfate waters (Table 1) owes to variable degrees of interaction between the carbonated, acidic steam upflow, the geologic substrate, and local meteoric water. Extensive high-temperature water-rock interaction in the acidsulfate areas quickly converts volcanic rocks to highly erodible clays and other hydrothermalalteration products. As a result the exact distribution and nature of acid-sulfate discharge tends to be highly transient in space and time (e.g., Clynne et al. 2003) .
Whereas there are many fumaroles and acid-sulfate springs in the Lassen highlands, highchloride thermal waters have been encountered only at Growler Hot Spring, Morgan Hot Springs, and in the Walker "O" No. 1 well at Terminal Geyser (Fig. 1) . There is also an anomalous chloride component in Domingo Spring, a large cold spring ~7 km southeast of Terminal Geyser . Rather than eroding the host rock, the high-chloride waters are mainly depositional, and the siliceous sinters surrounding Growler Hot Spring and Morgan Hot Springs likely constitute the largest such deposits in the State of California (Waring 1915) . The location and fluid chemistry of high-chloride spring vents has remained remarkably stable over a 100+ year period of observation. (Waring 1915; White et al. 1963; Thompson 1985; Janik and Bergfeld 2010; Janik and McLaren 2010 ; USGS-Menlo Park files) (Waring 1915) or "very likely of volcanic origin" (White et al. 1963 ) is a long-standing debate that has yet to be conclusively resolved.
Both the steam and liquid-water discharge at Lassen seem to originate from a parent fluid at a temperature of about 240 °C. 
This temperature is suggested by liquid geothermometry at the high-chloride vents and by gas geothermometry at both the acidsulfate and high-chloride vents (Muffler et al. 1982; Thompson 1985; Janik and McLaren 2010) . Furthermore, the stable-isotope composition (dD and d
18 O) of samples from the acid-sulfate and high-chloride vents is consistent with phase separation at ~240 °C (Muffler et al. 1982; Ingebritsen and Sorey 1985; Janik and McLaren 2010) . There is no geochemical evidence that the circulating hydrothermal fluids ever attain temperatures significantly in excess of 240 °C.
heat anD maSS DISCharge
Systematic efforts to inventory and monitor heat and mass discharge from the Lassen hydrothermal system began in the mid-1980s and continue to the present day.
Steam upflow
In areas where thermal features are predominately fumaroles and acid-sulfate (steam-heated) springs, hydrothermal fluid discharge is best measured by using heat discharge as a proxy (Dawson 1964; Dawson and Dickinson 1970; Yuhara 1970; Sekioka and Yuhara 1974; 
where H TOT is the total heat loss from the thermal area. Measurement of the multiple modes of heat discharge is time-consuming and difficult, and time series are sparse and rare. Comprehensive heat-loss surveys at Lassen in 1983-1994 yielded a total heat discharge of 115 ± 9 MW from a total steamheated area of 0.26 km 2 . Heat loss from open-water surfaces (hot pools) emerged as the dominant heat-loss mode, accounting for ~52% of the total heat discharge. Heat discharge from bare ground (17%) and fumaroles (10%) is also important.
To obtain the mass-discharge rates shown for individual steam-heated areas in Figure 1 , total heat fluxes from each area were divided by a steam enthalpy of 2800 kJ/kg, corresponding to a temperature of ~240 °C (Fig. 3 ). This yields a total steam upflow of 41 kg/s, focused mainly at Bumpass Hell (10 kg/s), Devils Kitchen (8 kg/s), and Boiling Springs Lake (13 kg/s). The uncertainty in total heat discharge reported by (115 ± 9 MW) is perhaps somewhat optimistic. The uncertainty in heat loss from each area computed from the sum of the squares of measured (or estimated) standard deviations for each heat-loss component yields relative standard deviations (RSD) ranging from 11-30% (Sorey and Ingebritsen 1995) . Using the same sum-of-squares procedure to compute the uncertainty in the total heat discharge indeed yields an RSD of 8%. However, considering that additional uncertainty is likely introduced by (unmeasured) seasonal variations in heat loss and by undetectable subsurface outflow, the uncertainty in the total heat loss is likely closer to 20-25 MW. The corresponding uncertainty in mass discharge of steam is ~10 kg/s.
Liquid outflow
Many hot-spring areas include numerous vents, some of which may be beneath streams or lakes or otherwise inaccessible, so that measurements of individual vents can rarely succeed in capturing the total discharge. The Lassen area is no exception; Morgan Hot Springs (Fig. 1) consists of about 25 springs and pools in a meadow along a ~0.5 km reach of Mill Creek, and direct inflow of thermal water to the creek is also likely significant. The total discharge from Growler Hot Spring and Morgan Hot Springs can be accurately determined by measuring the solute flux in Mill Creek downstream of the hot-spring vents (cf. Ellis and Wilson 1955) . This method is relatively straightforward, and discharge time series from such high-chloride-spring systems are relatively detailed and abundant (e.g., Ingebritsen et al. 2001) . Chloride flux is the most commonly used metric of hotspring discharge, because Cl -behaves conservatively and thermal waters are usually much higher in chloride than nearby surface water and/or shallow groundwater. Other ions present in elevated concentrations in thermal waters are sometimes used in solute inventories, but are much more likely to be affected by reactions in streams or the shallow subsurface. The discharge rate of a hot-spring group (Q t ) is calculated from the chloride concentration upstream (Cl u ) and downstream (Cl d ) of the hot springs, the chloride concentration in the thermal water (Cl t ), and the discharge rate of the stream (Q s ),
where Cl bkgd is the "background" chloride concentration upstream of all thermal sources and assuming that Q t << Q s and Cl t >> Cl bkgd . A related measure of advective heat transport is
where Q Cl is the excess chloride flux defined by [Q s (Cl d -Cl u )], c is the heat capacity of the fluid, T geo is the maximum fluid temperature at depth determined by chemical geothermometry, and T rch is the ambient temperature at the hot-spring recharge elevations. As thus defined, A is a measure of the heat advected away from the deep heat source, rather than heat discharged at the hot springs; hot-spring discharge temperatures (Table 2) are often << T geo due to local conductive heat loss as the fluid moves toward the hot-spring orifices. A total of 49 discrete measurements of Cl -flux in Mill Creek in 1983-2013 yielded a relatively narrow range of values, 42.6 ± 5.2 g/s Ingebritsen et al. 2014a ). Assigning Cl u = Cl bkgd = 0.3 mg/L and Cl t = 2450 mg/L in Equation 2 yields a mean thermal-water discharge rate of 22 kg/s (Fig.  1) . Assigning values of T geo = 240 °C and T rch ~ 0 °C in Equation 3 yields a heat discharge of 26 MW (Ingebritsen and Mariner 2010) . A similar series of 28 discrete measurements of the thermal-water component in Domingo Springs (Fig. 1 ) in 1983-1994 yielded thermal-water discharge rates ranging from 0.6-1.1 kg/s, equating to ≥1 MW of heat.
Magmatic CO 2 discharge from cold springs
The Lassen system also discharges significant amounts of inorganic carbon of magmatic origin, both from hydrothermal features and from cold springs north of Lassen Peak. The magmatic component of dissolved inorganic carbon (DIC) in cold springs is identified on the basis of its isotopic composition (d 13 C) and 14 C content (Rose and Davisson 1996; Evans et al. 2002) . Proximal CO 2 -charged springs on the northwest flank of Lassen Peak discharge a total of ~0.08 kg/s (7 tonnes/day) of magmatic DIC (Evans et al. 2002) and strongly resemble those found on the flanks of Mammoth Mountain, within the Long Valley volcanic region of eastern California ( Fig. 1 : EBMC, MTS, and MMFS). Magmatic DIC in several springs 20 to >50 km north of Lassen Peak has also been attributed to the Lassen volcanic center (Rose and Davisson 1996) , and those distal springs discharge a total of ~0.3 kg/s (30 tonnes/day) of magmatic DIC ( Fig. 1 : CLS, RRS, BS).
Lassen heat discharge in context of the Cascade Range and other volcanic arcs
The total hydrothermal heat output from the Lassen volcanic center is ~140 MW and occurs over a volcanic-arc length of less than 20 km (Ingebritsen and Mariner 2010) . This heat output amounts to a substantial fraction of the total hydrothermal heat discharge of 1050 MW that occurs along the 1100 km length of the U.S. portion of the Cascade Range. Furthermore, the Lassen system constitutes a full 1/3 of the high-temperature hydrothermal heat discharge in the U.S. Cascades (140/400 MW), where most hydrothermal heat discharge (~650/1050 MW) occurs through "slightly thermal" springs with temperatures elevated only a few degrees above ambient. Regional extension in the southern Cascade Range (Hildreth 2007 ) may contribute to the concentration of advective heat transfer at Lassen.
Lassen constitutes a significant hydrothermal anomaly in the context of a volcanic arc that is otherwise weak in this respect. Length-normalized rates of hydrothermal heat loss in the Cascades (~1 MW/km arc length, or 0.4 MW/km excluding slightly thermal springs) are substantially less than those in other carefully measured areas. For example, heat-loss rates are 2.3 MW/km arc length for Japan (Kagiyama 1983) , 6 MW/km for the Apennines (Chiodini et al. 2013) , 28 MW/km for the Taupo Volcanic Zone (Bibby et al. 1995; Rowland and Simmons 2012) , and 50 MW/km for a ~50 km segment of the mid-ocean ridge in the northern Gulf of California (Prol-Ledesma et al. 2013 ). Other than the Apennines, these results do not include the contribution of "slightly thermal" springs, so they are best compared with the Cascades value of 0.4 MW/km that excludes this mode of heat discharge.
the magma-hyDrothermal InterfaCe
If current rates of hydrothermal heat discharge at Lassen (115 + 26 +1 ~140 MW) are representative over geologic time, they imply emplacement and cooling of very large volumes of magma. Hildreth's (1981) influential models of lithospheric magmatism depict pods of silicic melt as being both shallower and more voluminous than their mafic parents; thus geothermally useful accumulations of heat in the upper crust are usually associated with silicic magmatism. The amount of heat made available by a particular silicic magma body depends upon its latent heat of crystallization and the degree of cooling. A 1 km 3 volume of silicic magma with a latent heat of crystallization of 270 kJ/kg (Harris et al. 1970 ), a density of 2500 kg/m 3 , and a heat capacity of 1 kJ/(kg-K) releases about 2 × 10 18 J by cooling from an emplacement temperature of 800 °C to an ambient temperature of 300 °C, which might be regarded as a typical crustal temperature at ~5 km depth in areas of Quaternary volcanism. About 1/3 of this heat comes from crystallization and 2/3 from cooling. Steady intrusion, crystallization, and cooling of such magma at a rate of 1 km 3 /Ma translates to a heat flow of about 0.06 MW, so that a steady heat discharge of ~140 MW would correspond to intrusion at a rate of 2400 km 3 /Ma. Such volumes of magma are roughly equivalent to the largest known silicic bodies (Hildreth 1981) and, in general, pre-Quaternary (>2 Ma) magmas with volumes of less than about 1000 km 3 will have cooled to ambient temperatures by conduction alone (Smith and Shaw 1979) . Cooling is accelerated if permeabilities are large enough to allow significant advection of heat (e.g., Cathles et al. 1997). Thus localized heat discharge rates ≥100 MW are very likely to be transient over geologic timescales of 10 4 -10 6 years or more. Transfer of ~140 MW of heat from magma to groundwater by conduction implies that the heat transfer takes place over large surface areas and/or short distances. Janik and McLaren (2010) suggest that clustering of observed seismicity at Lassen (Fig. 4) may represent zones of thermal cracking where the hydrothermal system is mining heat from near-plastic rock above magma (their Fig. 9 ). If we assume this to be the case, the combined areal extent of the primary heat-transfer zones is ~5 km 2 (Fig. 4a ) and heat transfer is most active in a depth range of 4-5 km (Fig. 4b) . If the primary heat transfer area is ~5 km 2 , the average conductive heat flux over that area must be >25 W/m 2 . If we then assume a reasonable thermal conductivity of 2.0 W/(m-K) and a temperature difference of ~560 °C between the magma body (800 °C) and circulating groundwater (240 °C), then the conductive length must be <50 m. This length might represent the thickness of a conductive boundary layer between the magma and the hydrothermal system, and the boundary layer would be expected to migrate downward as the magma body progressively crystallizes, cools, and cracks (cf. Lister 1974 Lister , 1983 .
The apparent rate of silicic-magma cooling required to support the ongoing hydrothermal heat loss (2400 km 3 /Ma) can be compared both with rates of basalt intrusion required to support the ongoing flux of magmatic carbon and with the heat and mass demands of a petrologic model for magmatic evolution. The rate of basalt intrusion needed to support the estimated total magmatic CO 2 flux of 1.4 kg/s (Rose and Davisson 1996) from the Lassen system is identical (2400 km 3 /Ma) to the apparent rate of silicic-magma cooling, assuming complete degassing of basaltic magma with 0.65 wt% CO 2 and a density of 2700 kg/m 3 , as Evans et al. (2002) did in their study of Mammoth Mountain, California. The roughly 1:1 ratio between the inferred rates of basalt intrusion in the lower crust and silicic-magma cooling in the upper crust is compatible with a petrologic model in which the heat content of primitive basalt near its liquidus causes partial melting of gabbroic crust (Guffanti et al. 1996) . In fact, because the melting temperature and heat of crystallization of rhyolite are substantially lower than those of basalt, cooling and crystallizing 1 km 3 of basalt in the lower crust can generate up to 4 km 3 of rhyolite under ideal conditions (Guffanti et al. 1996) . Thus the ongoing rates of heat loss and magmatic-CO 2 discharge at Lassen are broadly consistent with a petrologic model for basalt-driven magmatic evolution.
In this section, we invoke long-term (Ma) quasi-steady behavior as a convenient fiction for computational purposes; intermittent variations in magma supply are expected. For instance, Clynne et al. (2012) tabulate 14 eruptions of variable composition from the Lassen volcanic center over the past 0.1 Ma alone (total eruptive volume ~12 km 3 ), in addition to 59 eruptions from surrounding mafic vents (total eruptive volume ~22 km 3 ). These geologic data suggest intermittency. They also permit us to estimate an intrusion:extrusion ratio. Volcanic products <0.1 Ma are comparatively well-mapped and have lost relatively little volume to erosion; extrapolating the 0-0.1 Ma rate for 1 Ma yields an extrusion rate of ~340 km 3 /Ma and an apparent intrusion:extrusion ratio of 2400:340, or 7:1.
PatternS of hyDrothermal CIrCulatIon

Stable-isotope compositions (dD and d
18 O) of Lassen hydrothermal fluids suggest that they originate as local meteoric recharge on the Lassen highlands (Muffler et al. 1982; Ingebritsen and Sorey 1985; Janik and McLaren 2010) . Patterns of seismicity (Fig. 4) and thermal arguments suggest local circulation to 4-5 km depth. The heated hydrothermal fluids then rise toward a zone or zones of phase separation (Fig. 2) , with continued steam upflow toward steam-heated areas (red circles in Fig. 1 ) and high-chloride outflow toward Growler Hot Spring and Morgan Hot Springs to the south and Domingo Springs to the southeast (yellow circles in Fig. 1) .
Two primary conceptual models have been proposed to describe the Lassen hydrothermal system. Early studies (e.g., Muffler et al. 1982; Ingebritsen and Sorey 1985) invoked a single upflow zone beneath Bumpass Hell; a hydraulically well-connected liquid-dominated system with parasitic vapor-dominated zones. Janik and McLaren (2010) proposed an alternative model that involves two separate hydrothermal fluid cells rather than a single, connected system. One proposed cell originates southsouthwest of Lassen Peak, within the Brokeoff Volcano depression, and boils to feed the overlying steam-heated areas and a plume of degassed liquid that flows southward toward Growler Hot Spring and Morgan Hot Springs (Fig. 1) . The three distinct seismogenic zones depicted in Figure 4 may reflect heat exchange at the base of this southward-trending flow cell. The second cell originates southeast to SSE of Lassen Peak and flows southeastward, boiling beneath Devils Kitchen and Boiling Springs Lake, with the degassed liquid flowing southeast along a fault before boiling again beneath Terminal Geyser. Key lines of evidence in favor of separate south-and southeast-trending hydrothermal flow cells include (1) ionic ratios that make it difficult to interpret Growler/Morgan Hot Springs waters and the high-chloride waters from the Walker "O" well at Terminal Geyser in terms of a common parent, (2) noncondensible gas/steam ratios at Devils Kitchen and Boiling Springs Lake that appear too high to represent secondary boiling of deep fluid from the Bumpass Hell area, and (3) stable-isotope evidence (dD, d
18 O, and d 34 S) that distinguishes fluids related to the two cells.
Regardless of whether there is a single, hydraulically connected hydrothermal system or two separate hydrothermal cells, the measured rates of steam and liquid discharge (Fig.  1 ) challenge early conceptual models (cf. Muffler et al. 1982; Ingebritsen and Sorey 1985) of single-pass, quasi-steady-state phase separation at ~240 °C. Adiabatic phase separation over a temperature range of 240 to ca. 90 °C yields about 1/3 steam, 2/3 liquid water (Fig. 3 ), yet intensive field inventories indicate 41 ± 10 kg/s steam discharge vs. 23 ± 2 kg/s liquid water. Possible explanations include recirculation, reheating, and reboiling of liquid; disequilibrium behavior; and additional, still-unidentified liquid discharge.
The unexpected steam:liquid ratio documented in 1983-1994 (2:1 steam, rather than 2:1 liquid) prompted a concerted effort to detect Lassen-type thermal water in other streams draining the Lassen region (Fig. 5) . Although some stream samples were chloride-enriched relative to a "background" ratio established for nonthermal waters from the Cascade Range (~5.4:1) most of the chloride-enriched samples were from streams at elevations <760 m that have flowed over Upper Cretaceous marine rocks. At higher elevations, only the major streams that bound the greater Lassen area could contain substantial thermal components without showing obviously anomalous chloride contents. Mixing-model calculations were applied to estimate the maximum probable component of Lassen-type thermal water (Paulson and Ingebritsen 1991) . The maximum component of Lassen-type thermal water in the Pit River to the north and the North Fork of the Feather River to the south, neither of which is obviously chloride-enriched, was estimated at 0-15 kg/s.
Thus the observed steam:liquid ratio remains enigmatic. In the context of the Janik and McLaren (2010) model of two separate hydrothermal flow cells, the southward-trending cell exhibits an apparent steam:liquid ratio of 1:1 (Fig. 1) , whereas the southeasttrending cell, with anomalous chloride discharge documented only at Domingo Springs, exhibits an apparent steam:liquid ratio of 20:1. Perhaps the high-chloride waters from the southeasttrending cell are highly diluted and difficult to recognize where they eventually discharge. We note that hydrothermal outflow from certain other Cascade Range volcanoes known to host hightemperature hydrothermal systems (e.g., Sammel 1981; Hulen and Lutz 1999 ) has yet to be conclusively identified.
tranSIent behavIor
The observation of a 2:1 steam:liquid discharge ratio at Lassen prompted a numerical-modeling study by Xu and Lowell (1998) , who argued that two-phase flow in a Lassen-like system is intrinsically unstable. They simulated a central vapor-dominated zone that appears and disappears transiently-an oscillatory behavior with a period of ~10 3 years. Earlier numerical models by . At higher elevations, only the major streams that bound the Lassen region to the north and south are large enough that they could contain substantial thermal-water components without showing obviously anomalous ratios. For two of these streams (the Pit River and the North Fork of the Feather River), mixing model calculations were applied to late-summer (base flow) Na and Cl data and values of annual average streamflow to estimate the maximum probable component of Lassen-type thermal water. After Paulson and Ingebritsen (1991) . Ingebritsen and Sorey (1985) showed little oscillatory behavior and concluded that the Lassen system had required ~10 4 years to evolve to its current (and relatively steady) configuration; the distinctive temperature reversal in the Walker "O" No. 1 well helped to constrain that timing (their Figs. 5 and 10) .
Regardless of whether the Lassen hydrothermal system is intrinsically unstable (Xu and Lowell 1998) , such systems are unlikely ever to attain steady state. The rates of heat mining required to sustain ~140 MW heat output and the dynamic evolution of permeability in a seismically active, geochemically reactive environment (cf. Ingebritsen and Gleeson 2015) both dictate some degree of ongoing transient evolution. Furthermore, over the past 10 3 to 10 4 years-the time frame highlighted as most influential by numerical modeling-there have been several relevant geologic events at Lassen: the eruption of Lassen Peak itself at 27 ka (2.07 km 3 eruptive volume), deglaciation beginning ~18 ka, the eruptions of Chaos Crags at 1.1 ka (1.19 km 3 ), and the minor 1914-1917 eruption (0.007 km 3 ) at the summit of Lassen Peak (Clynne and Muffler 2010; Clynne et al. 2012) . Both the deglaciation and the relatively large, dacitic eruptions at 27 and 1.1 ka are likely to have affected the hydrothermal system. In fact, sinter deposits several meters thick occur at two sites in the Devils Kitchen area-currently a focus of steam-heated, acid-sulfate discharge-indicating that high-chloride waters discharged there in the not-too-distant past (Muffler et al. 1982) .
Other than a pair of measurements at Devils Kitchen in the early 1920s, most quantitative measurements of hydrothermal discharge have been made during the past several decades. The observational records are likely too short to reveal long-term transients, whether they are intrinsic to the system (Xu and Lowell 1998) or owe to various geologic events documented by Clynne and Muffler (2010) . However, the record of hydrothermal measurement over the past several decades is quite rich. In fact, though one-time measurements have been done worldwide, much of the reliable data on time-variation of hydrothermal discharge derives from monitoring studies done by the USGS in the western United States from about 1980-present (e.g., Ingebritsen et al. 2001 Ingebritsen et al. , 2014b . These data were collected for diverse purposes, including basic understanding of water-rock interaction, environmental-baseline monitoring, and volcano monitoring. Much of the data collection was driven by mandates to collect environmental-baseline data in anticipation of geothermal development, and this was the case at Lassen as well; the period of most comprehensive measurement was 1983-1994, when geothermal-resource exploration was underway outside Lassen Volcanic National Park.
Hydrothermal monitoring 2009-present
More selective and frequent hydrothermal monitoring resumed at Lassen in 2009, using methods described by Ingebritsen et al. (2014a Ingebritsen et al. ( , 2014b ; http://water.usgs.gov/nrp/cascade-hydrothermal-monitoring/). Ongoing (1996-present) volcanic unrest near South Sister, Oregon, has been accompanied by a striking set of hydrothermal anomalies (e.g., Evans et al. 2004) , and the observations at South Sister prompted the USGS to begin a systematic hydrothermal-monitoring effort encompassing 25 sites and 10 of the highest-risk volcanoes (Ewert et al. 2005) in the Cascade Range, from the Canadian border to the Lassen volcanic center. A concerted effort has been made to develop multiyear records at measurement frequencies suitable for retrospective comparison with other continuous geophysical monitoring data.
The current USGS hydrothermal monitoring network in the Cascade Range includes four sites at Lassen. Two of the four Lassen sites are north of Lassen Peak: the "hot spot" (HS) on the north flank of Lassen Peak and the CO 2 -charged cold spring MMFS (Fig. 1) . Devils Kitchen was also selected for monitoring, because discrete historical measurements made in the early 1920s (n = 2, Day and Allen 1925) , the 1970s (n = 1, Friedman and Frank 1978 ), and 1980s-1990s (n = 13, Sorey and Colvard 1994 are available for comparison with hourly measurements 2009-present. In 2011, intermittent measurement of chloride flux in Mill Creek south of Growler/Morgan Hot Springs resumed. In July 2014, in the context of the ongoing California drought, a temperature recorder was installed in the Big Boiler fumarole at Bumpass Hell. In November 2014, following an earthquake swarm beneath Growler Hot Spring, a pressure-temperatureconductivity (P-T-C) recorder was installed in Mill Creek. In this section we discuss selected recent (2009-present) observations of transient behavior at Devils Kitchen, Bumpass Hell, and Growler/Morgan Hot Springs. These high-frequency data reveal seasonality, responses to short-term weather events, and sensitivity to small-to moderate-level seismicity.
Devils Kitchen heat output
Measurement of the multiple modes of heat discharge in areas of acid-sulfate discharge (Eq. 1) is difficult, and quantification of some modes is model-dependent. Thus uncertainties are large, and few time series exist, either in the Cascade Range or globally. However, the dominant mode of heat loss from Devils Kitchen is readily monitored , because the adjacent stream (Hot Springs Creek) advects about half (H ADV = 10.4 ± 2.7 MW) of the total heat discharge (H TOT = 21 ± 4 MW). This quantity is calculated as
where Q DS is the discharge of Hot Springs Creek downstream of Devils Kitchen, T US is the upstream creek temperature, and T DS is the downstream temperature. To measure H ADV , P-T-C recorders were installed upstream and downstream of Devils Kitchen on 24 June 2009. Hourly records from 2010-2012 (Fig.  6) show H ADV ranging from ~5 to ~25 MW. The P-T-C records can also be used to estimate total heat loss (H TOT ), because steam contributes both sulfur and heat to Hot Springs Creek. Assuming that all of the H 2 S associated with the steam eventually converts to SO 4 2-and is swept downstream, then the average SO 4 2-output from Devils Kitchen (~5 g/s) can be multiplied by the known mass ratio of steam:H 2 S (~1400, Janik and McLaren 2010) and the enthalpy of steam (2800 kJ/kg) to obtain a sulfate-fluxbased estimate of H TOT . The resulting SO 4 2--flux-based estimate of H TOT in 2010-2012 is ~20 MW, very similar to the value that 
Big Boiler (Bumpass Hell) temperature record
Bumpass Hell is a highly visible area of focused steam-heated discharge and hosts some of the hottest fumaroles at Lassen; early studies of the hydrothermal system invoked a single upflow zone beneath Bumpass Hell (e.g., Muffler et al. 1982; Ingebritsen and Sorey 1985) . Big Boiler fumarole is a prominent local feature and may be the "big roaring fumarole" reported by Day and Allen (1925) . They recorded a temperature of 117.5 °C in 1916 and-perhaps assuming that this elevated temperature was an effect of the 1914-1917 eruption-noted that "in 1923 [it] was still considerably above the temperature of boiling water." Instead, intermittent measurement from 1976-present has shown the temperature of Big Boiler to be controlled mainly by climate/ weather conditions. During the California drought of 1976-77 its temperature reached 159 °C, "to our knowledge the highest temperature ever recorded from a geothermal (non-volcanic) fumarole" (Muffler et al. 1982 ) and close to the temperature (163 °C) of steam decompressed adiabatically from saturated steam of maximum enthalpy (2804 kJ/kg, 235 °C) to Lassen surface pressure (0.75 bars) (Fig. 3) . A temperature of 161 °C was recorded in Big Boiler in 1988, in the midst of another extended California drought, and attained again in 1994, the first wet year following a 7 year dry period (Janik and McLaren 2010; see Faunt 2009, their Fig. A16 , for wet/dry conditions).
In light of the observed drought sensitivity and ongoing drought conditions, a temperature sensor was placed in the main steam upflow of Big Boiler on 31 July 2014 and replaced with a second sensor on 11 September 2014. During those site visits the north end of Big Boiler was dry, with a vigorous upflow of steam, and the south end consisted of a roiling pool of water. The late summer-early fall 2014 temperature record (Fig. 7) indicates maximum temperatures of 132.5 °C and demonstrates that relatively small amounts of local precipitation can quickly reduce temperature to values at or below the local boiling point (~91.8 °C at 2460 m elevation). On 12 November 2014, a field party found the Big Boiler vent filled by a ~1 m deep, vigorously boiling pool, and speculated that such conditions might persist during normal winters. Big Boiler is at the bottom of a local topographic bowl, and snowmelt from surrounding hot ground may be sufficient to flood the vent.
Growler/Morgan Hot Springs chloride-flux record
In general the western U.S. chloride-flux data set shows little evidence of decadal-scale trends in hydrothermal discharge (Ingebritsen et al. 2001) , and Growler/Morgan Hot Springs is a case in point. The mean and standard deviation of 49 Cl --flux measurements on Mill Creek below Growler/Morgan Hot Springs in 1983-2013 was 42.6 ± 5.2 g/s Cl -, and the major-ion composition of Growler Hot Spring has been essentially constant for the last century (Table 2) . Furthermore, there is relatively little evidence of seasonality or correlation with streamflow at the Mill Creek site, in contrast to the distinct seasonality of the excess Cl -flux at certain other western U.S. sites such as the (161 °C in 1988, per Janik and McLaren 2010) is near that (~163 °C) of steam decompressed adiabatically from saturated steam of maximum enthalpy (240 °C)-the highest temperature that can be achieved by steam in equilibrium with liquid water (see Fig. 3 ). Relatively small amounts of precipitation or snowmelt can reduce temperatures to values at or below the local boiling point. The offset of the temperature record on 11 September owes to replacement and minor relocation of the sensor. Temperature recorded at 30 min intervals. Precipitation data are from Manzanita Lake (http://raws.wrh.noaa.gov/cgi-/roman/ meso_base_past.cgi).
Yellowstone River (Ingebritsen et al. 2001) .
A local earthquake swarm occurred near Growler Hot Spring on 5-20 November 2014. The largest single event was a M3.85 earthquake at 0:35 PST on 11 November (http://volcanoes.usgs. gov/volcanoes/lassen_volcanic_center/lassen_volcanic_cen-ter_monitoring_17.html). This swarm prompted installation of a P-T-C monitor in Mill Creek at 40°20′50.1″N, 121°31′08.2″W on 15 November. Subsequent data documented a 1.5-to twofold increase in hydrothermal outflow (Fig. 8) , consistent with eyewitness reports (e.g., landowner Peter H. Seward, oral communication and video recording, 2014). The outflow returned to near-background levels after about 4 months. It seems reasonable to attribute the transient increase in hydrothermal outflow to increased permeabilities caused by strong ground motion, as the local peak ground velocities and seismic energy densities caused by the M3.85 event were of similar magnitude to those inferred to cause permeability increases at other localities such as the California Coast Ranges and Japan (e.g., Elkhoury et al. 2006; Wang and Manga 2010) .
oPen queStIonS anD ImPlICatIonS for volCano monItorIng
The essential characteristics of the Lassen hydrothermal system are well understood, and rates of heat and mass discharge have been carefully measured and monitored for the past several decades. There is a central vapor-dominated zone or zones beneath the Lassen highlands underlain by a zone of phase separation at ~240 °C (Fig. 2) ; about 40 kg/s of steam discharge in the Lassen highlands and ~23 kg/s of gas-depleted high-chloride waters discharge at lower elevations (Fig. 1) .
However, fundamental open questions remain.
For instance, the observed 2:1 steam:liquid mass discharge ratio remains poorly understood. Numerical simulation of Lassen as a quasi-steady single-pass system, based on the conceptual model of Muffler et al. (1982) , yielded a <1:10 steam:liquid ratio (Ingebritsen and Sorey 1985) . Further numerical simulation by Xu and Lowell (1998) demonstrated that a >1:1 steam:liquid discharge ratio could be achieved by allowing post-boiling recirculation, reheating, and re-boiling of liquid; in that model, Growler/Morgan Hot Springs represent leakage from a deeper convection cell. Xu and Lowell (1998) further argued that Lassen-like two-phase systems are inherently unstable, with an oscillatory period on the order of 10 3 years; at times during their quasi-periodic evolution very large steam:liquid discharge ratios might be achieved (their Fig. 7) . Finally, we cannot rule out the possibility of additional, yet-undetected high-chloride outflow (Fig. 5) .
Another important and still-open question is the actual nature and extent of two-phase (boiling) conditions in the subsurface. Two possible conceptual models for the vapor-dominated zones that underlie areas of acid-sulfate discharge in the Lassen highlands are depicted in Figure 9 . Both models include lateral flows of high-chloride fluid and permit phase separation at 240 °C (equivalent pressure ~33 bars). One model (Fig. 9a) includes a large vapor-dominated zone with steam-liquid counterflow (a "heat pipe") and a near-vaporstatic pressure profile. Assuming that this schematic represents the Bumpass Hell (2640 m elevation) to Growler/Morgan Hot Springs (1570 m) flow path, The earthquake swarm of mid-November 2014 caused a 1.5-to twofold increase in hydrothermal outflow (Cl -flux), consistent with eyewitness reports (e.g., landowner Peter H. Seward, oral communication and video recording, 2014) . Hydrothermal outflow returned to background levels after about 4 months. Field values are based on field measurements of discharge concurrent with collection of a water sample, whereas "probe values" are based on measurements of pressure (water level) and electrical conductivity (used as a proxy for Cl -) recorded every 15 min. The high-frequency variation in the probe record from November-December owes to precipitation events that flushed hydrothermal Cl -from local, transient storage; none of these brief events were captured by the intermittent field measurements. In vapor-dominated conduit Elevation fIgure 9. Conceptual models for the vapor-dominated zones that underlie areas of acid-sulfate hydrothermal discharge in the Lassen highlands. In both a and b, liquid-dominated lateral flow links areas of acid-sulfate discharge at higher elevations with relatively high-chloride springs at lower elevations. To exist, the underpressured vapor-dominated zone in a must be surrounded by low-permeability barriers that shield it from the normally pressured systems that overlie and surround it; the permeability contrast at the boundaries of the vapor-dominated zone might be related to deposition of silica, calcite, or gypsum; to argillization; to geologic structure and lithologic contrasts; or to some combination of these factors. In b, phase separation takes place at pressures close to local hydrostatic, and there is no requirement for a lowpermeability halo. The overall pressure gradient in the vapor-dominated conduits in b must be near hydrostatic, at pressures that are somewhat greater than those in the surrounding liquid-saturated medium.
and further assuming near-hydrostatic conditions above the vapor-dominated zone, the top of the vapor-dominated zone would be at ~2100 m elevation and its thickness perhaps 500 m (2100 -1570 m). The other model (Fig. 9b) includes only a relatively localized and shallow vapor-dominated zone (or zones). In the absence of subsurface information (borehole data) in the Lassen highlands, it is not possible to determine which is more appropriate. However, a model that includes a heat pipe and allows for recirculation, reheating, and re-boiling of liquid below that heat pipe (Fig. 9a) can help to explain the observed 2:1 steam:liquid mass discharge ratio. There may be more than one vapor-dominated zone at Lassen (cf. Janik and McLaren 2010) , and different models may apply to different parts of the system.
The extent of boiling in lateral-flow zones such as those between points A and B in Figure 9 is another important unknown. Both the transient behavior of the system and the extent of two-phase conditions are relevant to the potential utility of hydrothermal monitoring in the context of a volcano-hazards program; that is, to the possible nature, timing, and intensity of hydrothermal responses to volcanic unrest. The relevance of two-phase conditions owes to the fact that, in steam-liquid water systems, most changes in fluid volume are accommodated by boiling or condensation, and the effective compressibility of a two-phase mixture is about 30 times larger than that of pure steam at the same temperature and 10 4 times larger than that of liquid water at the same temperature. Grant and Sorey (1979) derived an empirical expression for the effective compressibility b f of a steam-liquid water mixture that is accurate for pressures between 4 and 120 bars:
where (r m c m ) is the volumetric heat capacity of the porous medium given by [(1 -n)r r c r + nSr w c w ]; r m is the density of the porous medium, c m is defined as specific heat along the saturation curve (Fig. 3) , and is approximated by the isobaric specific heat in the case of both liquid water and rock and assumed negligible in the case of steam; n is porosity, P is pressure, and S is volumetric liquid saturation. The subscripts f, m, r, and w refer to the bulk fluid mixture, the porous medium, rock, and liquid water, respectively. The values of the empirical constants apply for b f in inverse bars, r in kg/m 3 , c in J/(kg·K), and P in bars. 
where D = k/[nm f (b f + b r )] is the hydraulic diffusivity and k is permeability, m f is the dynamic viscosity of the fluid, and b r is the compressibility of the porous medium. These relationships define the time t at which the pressure change at L will be 1/10 of the pressure change at the pressure source or sink (L = 0). They can be derived from the appropriate line-source solutions (Carslaw and Jaeger 1959). The potential for 10 4 -fold variation in b f between fully and partly saturated states clearly makes it a potentially controlling parameter. Thus any analysis of fluidpressure response to magmatic intrusion (e.g., Delaney 1982; Elsworth and Voight 1992) or geothermal-reservoir development (e.g., Ingebritsen and Sorey 1985) is critically dependent upon assumed values of b f . To minimize complications associated with boiling and phase separation, most of the Lassen sites selected for continuous hydrogeochemical monitoring (Fig. 1, sites MMFS , HS, and G-M) avoid the steam-heated areas south and southeast of Lassen Peak; the only exception is the site at Devils Kitchen.
Aqueous and gas-rich hydrothermal fluids in continental settings contribute to volcanic hazards by destabilizing volcanic edifices, acting as propellant in steam-driven explosions, reducing effective stresses in mudflows, and transporting potentially toxic gases. They also often modulate or even cause the seismic and geodetic signals that we rely upon to interpret volcanic unrest. Recent studies at other volcanoes indicate that hydrothermal monitoring can provide useful information during episodes of unrest (e.g., Padron et al. 2013) . However, transient behavior on any timescale, whether volcanic or nonvolcanic in origin, complicates interpretation of hydrothermal signals. Existing observational records are likely too short to reveal long-term transients, but relatively high-frequency data from 2009-present reveal distinct seasonality at certain sites (Fig. 6 ), responses to short-term weather events (Fig. 7) , and sensitivity to small-to moderate-level seismicity (Fig. 8) . The response of Growler/Morgan Hot Springs to the local earthquake swarm in November 2014 is of particular interest, because that swarm is analogous to the "distal volcano-tectonic" earthquakes observed near some volcanoes during pre-eruptive sequences (White and McCausland 2015) .
Measurement and sampling of surficial hydrothermal features has typically been done on an intermittent basis, so that the resulting data are not well suited for comparison with continuous seismic and geodetic observations. Year-round baseline data under quiescent conditions will provide a better understanding of baseline variability and improve our ability to identify any anomalous changes associated with volcanic unrest.
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